Abstract-Using a robotic vehicle to inspect overhead power lines has many attractions. The concept of a small, rotorcraft which draws its power from the lines is introduced here. Some of its advantages compared with a free-flying aircraft are discussed. Achieving the required degree of autonomy and reliable power pick-up needs good control of the position and attitude of the vehicle relative to the overhead line. The paper considers an artificial-vision system, based on the Hough transform, for this purpose. A laboratory test rig is described which incorporates a dynamic model for a small, ducted-fan rotorcraft so that the response of the vehicle to wind gusts can be emulated. Measurements show that the closed-loop vision system is capable of counteracting the effect of such disturbances and maintaining the vehicle's position relative to the line.
I. INTRODUCTION
HE use of 3-phase overhead lines for distributing electricity is almost universal. In the United Kingdom, the principal voltage used is 11KV distributed on open conductors mounted on wooden support poles, as shown in Figure 1 , which highlights a typical defect that can occur. There are approximately 150,000km of overhead line and 1.5 million wood support poles in the U.K. alone. A key factor in achieving an electricity distribution network which is resilient to adverse weather conditions is frequent inspection of the overhead power lines, regularly yielding high quality data [1] . Early detection of failures and prompt maintenance minimise disruption to supplies. Electricity companies can also benefit from a more reliable database to monitor safety issues (and thereby minimise the risk of litigation) and to manage their assets in the field. The problem for electricity companies, operating in a competitive market, is that it is economically impractical to increase the frequency of inspection with the technology and methods available at present. This forms the motivation for current research, which proposes an autonomous, electrically powered rotorcraft for overhead line inspection.
Performing line inspection by means of a remotelypiloted vehicle (RPV) was proposed by Jones and Earp in the mid-1990s [2] . The idea was based on a miniature helicopter, instrumented with a stability and control augmentation system to make it easier to 'fly' and stabilise it against wind gust disturbances. The main stumbling block to the deployment of UAV technology in a civilian application is the need to comply with aviation regulations. The underlying rule which presents most difficulty is 'See and Avoid'. In the U.K., no specific regulations for UAV operation currently exist so the Civil Aviation Authority (CAA) applies the same logic as for manned aircraft. Essentially the unmanned vehicle must reproduce the behavior associated with a manned vehicle -even if the data-link with a remote pilot fails. The current restriction that UAVs operate only within direct sight of a groundbased pilot is not compatible with the economics of power line inspection, which require missions to have a 10-15km range.
A concept which has the potential to circumvent this problem consists of an electrically driven rotorcraft that draws its power from the overhead lines, as illustrated in Figure 2 . The vehicle itself is a ducted fan configuration with contra-rotating rotor blades which gives increased propeller efficiency, reduces noise, eliminates the need for a tail rotor and provides a protective cowl for the blades, while also minimising the effect of wind-gusts. A crucial part of the concept is picking up power from the overhead line and an active pantograph is proposed for this function. This concept has several advantages, the crucial point being that the vehicle is effectively tethered to the lines. Even under the worst-case fault condition of its control system demanding maximum altitude, it cannot pose a hazard to other aircraft as its on-board battery provides limited energy to maintain free flight. The ducted fan configuration is efficient at hover and at the low inspection speeds expected. The cowl gives protection from the propellers if a fault condition causes it to fall to the ground. No fuel is carried so there is no risk of serious fire in the case of an accident. The electrical drive means that its mission time is not limited by fuel and it is much quieter than an internal combustion engine. Civil liberties groups will be re-assured by the knowledge that its surveillance capability is restricted to the immediate vicinity of the power lines. There is therefore an excellent prospect that such a vehicle would not contravene Civil Aviation Authority (CAA) regulations, thus eliminating a major barrier to development of this technology.
Evidently, the concept raises a number of problems in aeronautical, mechanical and electrical engineering. Perhaps the most difficult problem lies in achieving the robotic qualities required for autonomy. It is essential that the vehicle be able to recognize the power lines, estimate its pose with respect to them and use this information to reject disturbances, primarily from a gusting wind. This forms the theme of the remainder of the paper.
II. IMAGE PROCESSING METHOD

A. Hough transform
Image processing offers a means for measuring the position and orientation (pose) of the rotorcraft with respect to the lines using a small, lightweight and cheap sensor which can also provide information for higher-level functions, such as obstacle detection and path planning. A camera fixed on the rotorcraft body will, depending on its orientation and location, sees 3 lines extending into the distance, converging due to perspective distortion. Although they are in fact catenaries, from overhead they are approximated reasonably well by straight lines.
The Hough Transform [3] is a well-known method for extracting lines which match parameterized functions from an image. The most common case is classifying straight lines in normal form
according to their angle (θ) and distance from the image centre (ρ). There are two main steps to the transform -edge detection and thresholding -for which the optimum parameter values were obtained using benchmarks described by Golightly & Jones [4] for corner detector algorithms. A typical result is shown in Figure 3 . Lateral displacement of the rotorcraft with respect to the lines leads to the pattern shown in Figure 4 where the 3 points are seen to slide along a straight-line locus in the Hough transform space. . Once the line co-ordinates have been extracted, it is necessary to track them from frame to frame. In practice, not every line is found in every frame and it is necessary to establish the correspondence between lines detected in consecutive frames. The dynamics of the rotorcraft imposes bounds on how much movement can be expected to occur. Three bounding squares, centered on the points detected in the current frame, are therefore placed in the subsequent frame's Hough transform space (see Figure  4 bottom right). The search for corresponding points is then limited to within these areas. The feed forward tracker makes the procedure more robust by eliminating many of the false lines generated by background clutter. It also reduces computation time because only part of the Hough transform space need be searched. The rotorcraft will be launched and retrieved by means of an insulated boom hoist, so the tracker can be initialized on the assumption that the camera is aligned to the centre overhead line. Clearly, more advanced tracking is possible, perhaps using a Kalman filter or the methods described by Shapiro [5] .
B. Results
In order to evaluate the performance of the transform, it was run on a sequence of 225 image frames of the line taken against a plain background. The criterion for finding a line is that the maximum distance between the true line and that detected by the Hough transform be no more than 10 pixels. Ideally, all three lines will be found and Figure 5 shows that this occurs 47.1% of the time. Figure 5 also shows that, in 7.1% of images, more than 3 lines are identified. This occurs when a true line is mapped to more than one point in the transform space. This is generally not a problem because the tracker simply selects one of them. Reliable tracking requires that at least two lines in the image are found because the position of the third line can then be estimated. This happens 59.6% of the time in Figure 5 . If only one line is found, it is difficult to distinguish it from single lines generated by the background and the system becomes vulnerable to tracking false targets.
A significant problem occurs as the distant support pole is approached and becomes more prominent in the image. The Hough transform then tends to find the strong edge associated with the pole, rather than the overhead lines. This edge is an acceptable substitute for the centre line, with which it is nearly co-linear. Unfortunately, its relative strength causes the thresholding algorithm to suppress the Hough transforms of the two outer lines and tracking is adversely affected. This may be seen in Figure 5 between frames 150 and 210, where only one line is consistently identified. For the preceding section, before the distant pole becomes prominent, at least two lines are found 94.9% of the time, with all three lines being found 76.8% of the time.
After testing the Hough transform in isolation, it is necessary to test its performance when combined with the tracker. Running both together on the same sequence, it was found that the centre line was detected in 95.6% of the frames. When only two lines are found, the tracker calculates an estimate of the third line's position. If a line is only found within one search box, the tracker assumes the previous frame's values for the remaining two.
It is concluded that this form of image processing yields the required information about the vehicle's lateral position and yaw angle relative to the lines and provides the measurements for closed-loop visual control.
III. THE DUCTED-FAN ROTORCRAFT MODEL
The vision-based sensor must be integrated with a particular vehicle's control system, so that the capability of the whole for rejecting disturbances can be assessed. The next stage of the research programme involves constructing a small rotorcraft to act as a technology demonstrator for the concept, so it was decided use this design as the basis for the dynamic model to be incorporated into the test rig. Intended only for laboratory use, the experimental rotorcraft must be simple to construct and operate. A ducted-fan design was selected, based on the 'flying platform' principle [6] , where the Centre of Gravity (CG) is deliberately placed above the aircraft centre (AC) to give dynamic stability in hover [7] . Early construction is shown in Figure 6 . The payload (not shown) is mounted above the duct and attitude control is accomplished by moving a mass to change the position of the CG. Lift and yaw control are achieved by changing the propeller speeds collectively or differentially. Overall, the design is quite similar to that described by Sherman et al [8] .
Ando [9] has derived a simple 3 degree of freedom dynamic model for this configuration which suggests that placing the CG within a very small range of locations above the AC gives both static and dynamic stability. In practice, it is anticipated that active (gyro) stabilization will be necessary but starting with a system which is near passive stability is attractive. Ando's model is extended, as shown in Figure 7 , to include a servo-controlled mass (m p ) on a prismatic joint with origin at a distance l above AC.
Moving this mass to the right causes the duct to 'topple' clockwise and the horizontal thrust component thus produced accelerates it to the right. Assuming that for a hover condition the thrust T A is adjusted to give a null component along the z A axis, a linearised model for the accelerations of the control mass, the duct (at AC) and the pitch angle is given by: (1) where I is the sum of the individual moments of inertia of m p and m A about y p and y A respectively. The force (F xp ) on the control mass is given by feedback of ∆x, producing a position-control servo-system whose time constant is much shorter than that of the duct dynamics. Note that this introduces a non-minimum phase characteristic into the response, because the reaction force as the mass is accelerated to the right causes the initial duct rotation to be counter-clockwise. The aerodynamic force (H A ) and torque (M AC ) on the duct are given by [9] :
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where is the wind velocity. Using the approximate relationships in [9] , tentative values for the aerodynamic derivatives in (2) and (3) were estimated according to the dimensions, mass and thrust of the rotorcraft in Figure 6 . This predicts that placing the CG within a 9mm long region, located just above the duct lip, will yield a stable system.
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Finally, the position demand to the control mass servosystem is the error between the rotorcraft's lateral position relative to the overhead lines (to be measured by the vision system) and its demanded position (above the centre line). The dynamic characteristics of (1), (2) and (3) restricts quite severely how much gain can be placed in the position feedback loop. As shown in Figure 8 , the response to a demanded lateral displacement is very slow. A much faster response is possible if a pitch rate sensor and appropriate compensation are introduced. This is not done here because it could not be matched by the computing rate of the current vision system. (1), (2) and (3) were programmed into the test rig to provide emulation of the rotorcraft's lateral displacement when disturbed by wind gusts.
IV. THE LABORATORY TEST RIG
A. Description
The laboratory test rig is a 30:1 scale model of an overhead line. It is essentially an XY table approximately 2.5m long and 1m wide, as shown in Figure 9 , containing a miniature span of overhead line along which a camera can be 'flown'. There are three controllable axes (X, Y, θ), driven by dc servomotors and fitted with rotary optical encoders to measure position. On either side, wheeled carriages run on aluminium U channels to form the Y axis. Spanning the two carriages there is a V profile linear slide on which another carriage runs; this is the X axis. Motion in the Y direction is achieved by a timing belt which loops around pulleys at either end of the test rig and is fixed to the centre of the linear (X) slide. The camera is mounted underneath the X axis carriage and can be rotated in yaw (θ). Its pitch axis can be fixed manually at different angles but has no servo at present. Local position control of the three axes is implemented on a dedicated PIC micro-controller. The video camera has a ½" CCD set at a resolution of 192 x 144 and 256 greyscales. The camera has a fixed focal length lens with a field of view of 60º in azimuth and 44º in elevation. There is no automatic light intensity control.
Overall control is done by a PC which is a Pentium III with 1GHz clock, 256MB memory and programmed in Microsoft Visual C++ v6. This has three main functions:
• It digitises images using a Matrox Meteor frame grabber every 0.15 to 0.25s; the sampling rate is limited by the time taken to process the images.
• It runs a discrete-time version of the rotorcraft dynamic model, sending position demand signals to the PIC micro-controller via a serial link. As shown in Figure 8 , the test rig responds much faster than the rotorcraft model and provides a faithful reproduction of its output. The largest discrepancy occurs at the peak overshoot where some evidence of the test rig's friction and backlash are to be seen.
• It runs the image processing algorithms (as described in section II).
B. Integrated dynamic model
To account for the possibility of the vision system losing 'lock' on the lines, the real-time controller has been extended to include a second source of lateral displacement measurements. Conceptually, this loop simulates a DGPS receiver on board the rotorcraft, as shown in the block diagram of Figure 10 . The function of this additional loop is to bring the rotorcraft back into the vicinity of the lines where the fine vision loop can take over. The possibility of using DGPS for vehicle guidance during normal operation has been considered but it does appear to have some drawbacks. Briefly, these are:
• The coverage of radio broadcasts of differential corrections is poor, compared with the satellite broadcasts of GPS itself. Even without selective acquisition, raw GPS is not sufficiently accurate for this application.
• Using DGPS depends on a knowledge of the exact locations of the overhead lines and support polestypically, electricity companies only know this within 5-10m, i.e. this would produce a bias error.
• The position fix errors in DGPS measurements produce relatively large rotorcraft excursions compared to a system based on local feedback.
The latter point is considered further in the next section. Figure 11 shows a sequence of East-West DGPS errors obtained using a Trimble Pro XR receiver at a fixed reference point -the error distribution and power spectral density are to be found in [10] . In the first test, the rotorcraft is flown along the lines with lateral position feedback from the DGPS loop alone. Figure 12 shows that the varying DGPS position fixes cause significant perturbations of the flight path. Note that the straight horizontal lines show the locations of the 3 overhead lines. A second test was performed with position feedback provided by the vision system. This flight path tracks the centre line more closely and does not, of course, require knowledge of its absolute position. However, the vision system does not produce perfect tracking. The deviation that occurs in the range 20-40s is due to the image processing finding a strong edge in the direction of a kink in the overhead line, which is then tracked for a period. The second feature of the response is a small offset which forms at about t = 60s and persists to the end of the run. This is caused by the detection and tracking of a strong edge on the upcoming support pole, whose width becomes significant as it is approached. The camera therefore tracks slightly to one side of the centre line. 
V. RESULTS
A. Still-air responses
B. Wind gust responses
The response of the vision feedback system to a simulated wind gust was investigated. A 3s pulse of wind of 0.5ms -1 velocity was input between t = 7 and t =10s. Two results, for a positive and negative gust, are shown in Figure 13 . There is a slight asymmetry in the responses because of the small offset in the initial position. Both responses are under-damped, but re-align correctly with the centre line. Towards the end of the run, the system tracks the pole edge rather than the centre line, as discussed previously.
Next, the velocity of the pulse wind gust was increased to 1.5ms -1 , sufficient to cause the initial deviation of the camera to lose the lines from its field of view. The result is shown in Figure 15 and the corresponding image sequence in Figure 16 . The initial deviation is now about 5m from the centre line, which removes all except the furthest portion of the span from the image. At 2m lateral displacement, the position feedback is switched to the DGPS loop, which returns the camera back to the vicinity of the lines. As the 2m threshold is crossed again, control is switched back to the vision system, which occurs at about t = 20s. When the vision system re-acquires the lines, it tends to lock onto the right hand line, rather than the centre line. This is then tracked until about t = 60s, where the system locks onto the strong edge from the pole. The negative wind gust gives a response that is approximately a mirror image of the positive gust response. The visual tracking system will be extended to detect when the system has locked onto one of the side lines, and switch to the centre line.
VI. CONCLUSIONS
In this paper, the concept of a small, electrically-driven autonomous rotorcraft for power line inspection has been outlined. In particular, the feasibility of using vision feedback for control and guidance has been investigated. This was done by means of a laboratory test rig which combines a real-time emulation of the rotorcraft's characteristics and a hardware implementation of the image processing system. The system was shown to be capable of recovering from a disturbance to the rotorcraft's lateral position, caused by a gusting wind. It was also shown that the vision system could lock on to the lines provided that the camera was brought into their vicinity. There is, therefore, every incentive to pursue this line of research further.
A significant deficiency of the tests reported here is the slow response of the rotorcraft as currently modeled. A better compensator, based on pitch-rate feedback, has been designed which gives it a much faster response and this will shortly be implemented in real-time on the test rig. Next, the camera yaw axis will be activated, with the Hough transform again being used to estimate its angle relative to the overhead lines, so that simultaneous visual servoing on both lateral displacement and yaw angle becomes possible. It is also intended to add a pitch axis to the test rig because a ducted fan rotorcraft must necessarily pitch in order to produce propulsion thrust, and this will affect the camera image.
At present, the plain background scenery produces idealized images. It may be expected that the extraction of line positions by the Hough transform will deteriorate in the presence of cluttered backgrounds and changing light conditions. Increasing the robustness of the image processing to cope with real-world conditions will be necessary. Improving the computational speed of image processing is also essential. Wider sensor possibilities, such as the use of electric or magnetic field measurements to supplement the position estimates from the vision system, also exist.
As for the overall concept, there are a number of technical challenges to overcome. One priority is to design a power pick-up bar and associated control system that maintains contact with the line despite motion of the rotorcraft. When obstacles such as in-line insulators are encountered, a brief period of free flight is necessary to avoid them. This means retracting the pick-up bar and relying on internal battery power until contact with the lines is re-established. Designing a guidance system that allows the rotorcraft to over-fly such obstacles and transfer between the main and spur lines will require autonomous methods for detection, mapping and path-planning of the obstacles, changing level and re-registering to the lines and re-establishing contact of the pick-up bar.
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